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I satellite Injun 111 at altitudes of 250 t o  abaut 600 km Over 

ABSTRACT 

Fhotanetric obsemtions of auroras were made with the I J  

America early in 1963. Simultaaeous observations of the 

precipitated electrons which caused the aurora and of trapped 

electrons were made with the magnetically-oriented satellite. 

The auroral zone, as defined on scape f i f t y  latitude surveys 

of the brightness uf the $ emission at 3914 i, shawed an 

average maxlmm brightness of &out 2 kiloraylei& at an 

miant latitude (A) around 69" on the magnetic shell 

L = 7.8. Several visible auroras are discussed i n  detail.  It 

is suggested that the auroras delineated the cuter edge of the 

region of durable trapping nf Van Allen electrons and thst the 

electrons causing the auroras and having an isotropic angular 

distribution over the upper hemisphere at the satel l i te  altitude 

were mostly freshly accelerated rather than old electrons of the 

Van Allen belts with sirnilas enerm. 

by the satellite near perlgee, less than 0.1s 09 the oxygen 

5577 A emission came fran altitudes above 250 km. Hence, the 

In two auroras neasured 

0 

flux of electrons of energy - 10 eV was no larger than the flux I flux of electrons of energy - 10 eV was no larger than the flux 

of' those w i t h  - 10 keV.  
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T.m!Romm 

Bmy auroms ere caused by excitation of a.tmospheric 

collstltuenfs by Intense fluxes af charged particles. The most 

irnportaat barnbardling fluxes are electrms with energy (E) of 

d e r  10 keV&Ilwain ,  1960; Davis, Eerg, and Ia?r&dith, 1w. 

It is  then a9 interest to  find the cause of the banbarding 

pasticlea, I .e ., the ntechP.nism that determines their spatial, 

tempoml, and spectral characteristics Eee  review by onholt, 

~ g g .  b s e n t i s l  to such an iwestwtim is kno~ledge e the 
"source" wan fran which the particles cane. 

When particles were fcnxnd to  be trapped in the 

g e m t i c  field at radW distances up to sane 40,OOO kilo- 

I 

I 

meters Ran Allen, McIlwain, Blrd fudwig, 1959; Van Allen and 

Frsnk, 1-9 It WRS often suggested that they might be such a 

source or a reservoir that, during a geanclpnetic disturbance, 

would overfla? and spill intense fluxes of cbaslged Parficks 

into the amsplaere to cause sn aurora. m e  ccacept in its 

slqplest form came to be described a8 the "leaky bucket" model 

of tbe outer Van Allen zone. 

Che at us attempted to study the interrelation of the 

outer Van Allen zone acd auroras by canbining - t s  of 

* Ides  by tbe ~ a t e l l i t e  -1- VI1 with grourd-bad 

obaerpatloars of aumras. In the eI@een-matth life oi the 
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satellite, oaly m e  occasion (on Nove&er 28, 1959) was found 

*en the satellite was over an aurora and when ( a )  adequate 

telemetry was being received; (b) the moon was not bright; and 

(c) a useful observer was nearly underneath the ~tll"ollc~ with 

(d) h is  vision not obscured by clouds. 

But besides the rar i ty  af favorable conditions for such 

aoordinated satellite- and gramd-based observations, the particle 

detectors on Explorer VI1 were insdecpate in several ways. 

gave essentially no reliable information an either the particle 

type or energy, and they measured cmly amnidirectional particle 

fluxes BO that we could not determine w h a t  prqportkon of the 

particles was trcqped and, indeed, cauld not prove that any of 

the particle fl-x hxm actually plun@ng into the atmosphere. 

An attenpt wds made i n  the stWy E t%ten  et al., 1- t o  deduce 

quantitative rzlations on the basis of thea-current understand- 

ing of the pcrt5,nJ.es causing a shielded Geiser t o  c+xr i t  i n  the 

outer zme. Our Laker studies have sbuwn that the 8 G s i s ; l p t i c m s  

made in  the aualysls of these Explomr VI1 data were greatly 

in error. 

They 

A m o r e  satisfactory method of studying the irrterrelaticm- 

ship of outer zone snd auroras is t o  equip a satellite w i t h  

instrumentation. to measure both. One of us E. J. OtBrleq 

tried t o  do this w i t h  the State University of Iuwa satellite 

Injun 1. It was planned t o  orlent one axis of the satellite 
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p c m ~ e l  to tbe gearnagnet& vector e, 
down $t to  View the gram3 (or hopefullp BP aurara) while other 

directiaral detectors measured the particle fluxes. In$m I 

was lmmcbed ca 

months 

poiat a pnotoneter 

2g,196l, and aperated f a  about eighteen 

U n f o r t m a ~ ,  hwever, a malAmctlan at launch preveafxd 

the intended separation ob InJun I from tbe mval Research 

Iaboratary satellite Greb, although the sepratian frm the 

other satellits in the triple launching ('Ransit IVA) did 

OCCUT. (keb, haUSed h 8 twlenty-iwh diameter --Mished 

aluminum sphere, caupletely f i l l s  the f i e l d  of View of the 

Injun I phdaueter. C a u m p e n t l y ,  no useful auroral or airglw 

phcrtaDetric aats  ere obtained with I althaugh tbe 

photometer operated for the l i f e  of the satellite, 

conceivable that the data could yield infonaatian about the 

effect 

ba&ardmnt by micrcmeteorStes, but we bave nut made this 

(It  I s  

tbe alumirfum reflectivity of eighteen m o n t h s '  

analysis * )  

IPK InJun I particle detectags did pravide hportant 

inionnatiaa cm the source of a m  particles, i .e. ,  of those 

particles that bcmb8z-d the atmosphere to  cause auroTaa. They 

sham3 that the particles were precipitated from a source above 

the sate l l i te  altitude (viz,, 1.000 b), that higa intensities 

were precipitated in the Caytime as w e l l  as at night, ard they 
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indicated a &e similarity between the average latitude 

profile oap precipitated electram with 

latitude profile ag oocum?nce of a m  trim by grwnd- 

based observers d u r a  the I.Q.Y. & guplp~~y of releveat 

Injun I fbiings, see O'Brien, 19Q'IJ But such statistical 

studies are clearly not as relisble 88 detailed analyses of 

irditridual events, e k e  tbs p h e m  are so variable. 

2 40 lav ead the 

Again 8p attempt was made to study auroras and the 

cuter zone simultaneously by putting two paataaetere and eeveral 

particle detectors cm the satellite fa3un 11. This satellite 

was des- in an abortive launch an Jamtery 24, le. 

So rtgather attempt was made by putt- three photometars 

end eighteen perticle detectors cm Wun 111. !Ibis attempt has 

pruven successful, a& we rqmt prellmlnary results in thie 

note. The satelute I s  s t i l l  qperatlng a t  the time ob writ- 

(August 1963) a& *her studies caf the data are be- made. 

A number of other studies have been made of the relatia- 

ship between fluxes uf' charged particles aad visible aucaras. 

The! first d i r e c t  detection of particles associgted with the 

auroral zcne cme in a series of rockom experfments by the 

Iuwa pa@ c@e review by Van Allen, 1HV. A t  altitudes of - 100 len, large fluxes of electrcms of - 100 keV eneqy were 

faud in the won ut the aur& m e  but s t  a t  hl&wr or 



Then during the I.G.Y. rockets were fired successfully 

into visible amoras. These farrJd that large fluxes of lav- 

elweals (Ee - 10 k V )  C S U S ~ ~  the excltatiar of 

the auroras & n a y  1960; ap~ls et a,, I-. w electron 

fluxes were found only in the regiona emitting Wt. Eouwer, 

protons were found outside these regions as well as inside. 

The major coprtribution to the particle energy came fzun the 

electrcr=s. 

emitted 8s Visible Ught was abcrut 0.2s of the tcrtal electrcm 

flta. 

.*?ltnlreir: &q ,P~t'zZxh?d that +La + , O t a ,  n- --w 

An extended series of baJ,loaa-barne experherits also 

gives much irrfosrmatim on association of auraras and particle 

f l w s  banbard- the atmosphere. Ihe Minnesota group 

&ke winckler ,  19Cq and the Iowa and C a l i f m i a  groups 

&e ~ e r s o p ,  1960; ~rowa, 1- made many m t s  at 

different latitudes. Geaerally speaking, the x-rays 

(caused by electrum bcmbarding the atmosphere) detected by the 

balloms displayed l i t t l e  c-20~ w l t h  visible auroras In 

the auroral -, but at later latitudes Intense fluxes of 

x-rays were seen during great auroral displays. 

Recently, balloon observations in the auroral zone have 

given evidence of some relations between x-rays and an 8tllyzp8f 

glaw m e r s a n  and I3eWitt, I-.  he -is indicated that 

in caze event perhaps a l l  the aurtxal glow cauld have been excited 



by electrms w i t h  energy Ee - 10 keV, whelleas previous studies 

by the same m k e r s  svgested that distinct auroral arcs 

mlght have been caused by electrons Kith lower energies, 

undetectable by the balloon experiments. - 
A study wes made of satel l i te  (Fxplorer V I )  observaticms 

of the cuter radiation zme, and simultaneous b&bon-borne 

detection of x-rays and ground-based sighting of auroras 

@noldy, Hoffman, Winckler, and Akasof'u, lw. 
satel l i te  detectars, l ike those in ESTlorer VII, were imperfect 

for quantitative studies of particle outflux. 

Again the 

Clearly, 

simultaneous observation of both auroras and particles by 

instrumentation on the same satel l i te  is desirable. Such 

observatlans are reported here. 

Furthermore, the very techaiques of observing a u r m a s  

f'ran a satel l i te  afford possibilities for useful studies of 

the auroras themselves. For example, the concept of an 

"auroral zme" has been used for many years. 

defined, th i s  i s  the region where  auroras are most caman, 

in a zcme mound magnetic latitude A - 67' c e s t i n e  and 

Sibley, 1960; Davis, lw. 
huwthe satellite-borne photcmeters make a latitude survey of 

auroral light several times each night, thereby enabling us t o  

delineate "auroral zones" in essentially a the-stationary 

state . 

As usually 

We will discuss In t h i s  note 



9 

The satellite Ujun III wa8 hunch& a3 December 13, 

19% in to  aa orbit with i n i t i a l  apogee altitude 2785 Inn, perigee 

dtitude 237 km, period 116 minutes, gud inclinatioa p.4". 

!&e satellite I s  magnetically oriented, so that one axis is 

aligned with the local geamgnetic vector + B Gee O'Brien, 

@win, and Gurnett, 1963, hereinafter referred t o  as 

art I)* lhree photometers whose ch€iractezistics m listed 

in W l e  I have their optical axes parallel to this axis, 

!lh ob them vlev the grcMld at hj,gh latitudes in the Bsol.therp 

-sphere 

the Sathern Emeznisphere. A t  equatorial latitudes, they are a l l  

hafizmtal. orientatiaa in all  efudies mads in this note was 

always within 4" to B , and the two aspect sensors permit 

determinaticn of the orientation to about 1' accxmcy. 

the other views the ground at high latitudes in 

-3 

EWh p3-t- is a A ~ C ~ P  tyEe 541-A, selected for 

Mgh gain an3 l c m  dark current. 

a tuo-5nch diameter Baird-Atcmfc multiZayer interf'erence filter, 

then thraagh a three-inch focal l e e n  converging lens, A t  the 

focus af ths lens is the aperture definiag the field af view of 

about ten degrees in d i a m t e r .  The lfght then diverges sod 

covers about fifty percent of' the photocathode. 

Incident ll&t passes thraagh 
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the f i l t e r s  is shuwn in 

Mgure 1, and the angular resolution of the photaneters in 

Figure 2. The filters were chosen to  have wide passbands af 

&art 50 A for two l?e~scms: 

w a d  not shift the wavelength 09 peeLk transmission away fkan 

the spectral emissiar wavelength, aal (2) so that the emisslaw 

frm the edges of the field of View would nat be vignetted by 

the shift in the filter spectral passband due t o  the dblique 

angle of incidence. 

0 

(1) So that the temperature chsnges 

The f i e l d  of view was made about ten degrees wide 80 that 

even if pa@& orientation was several degrees away f’rm 

alignment with and even with E significant curvature of the 

field Unes between the sa te l l i t e  ezld 100 kiluneters altitude, 

the photaneter f i e l d  of view would st i l l  include that portion 

of the atmosphere bunbarded by the particle flux whose 

characteristics were sampled by the satel l i te .  

may also see auroras caused by particle fluxes which passed 

several kilcmeters (or many cyclOtrca radii) f’ran the satellite, 

and this nust be recognized in the analysis vhich i?ollows. 

I h e  photmeters 

ELectranic details and calibration cf the phctac?eters 

are described in Appendices I and I1 t o  this  paper. Because 

this is the f irst  report of observations of auroral 1iQ;ht by 

satellite-borne appantus, it is important t o  recognize possible 

causes of contamination of the data, and these are discussed 



in Appenaix III. A plot of photane+ar C a b  f a  cne pass over 

side of the auraFal event and that op the higblatltude side, 

the level of coateminatlon of the signel  fran New Ymk. 

100 scuthern 9emiqhez-e data ere reported here, but the 

a phot- I s  teleme- to the graurmd every faur seconds, 

80 tbat the thermiaaic dark current can be estlmted accUrateu 

frau pre-launch calibratlans. The 5577 A Wrthern Hemisphere 
0 

phutaneter uperates sanethes when the satellite is c e e d  on 

and power l e  applied t o  the detectors, but an many passes It does 

not. W e  attribute th ls  Intemlttent behaviar to  I n M t t e n t  



start- of Its high-voltage paver sup2ly or its d o g - t o -  

d i g i t a l  converter (see AppediX I), aud when it does operate 

it gives data consistent with pre-launch calibrati-. 

I n  *ne&, this study treats data mainly fKIln the 
0 

3914 A photaneter, which the advantages that any airglow 

ccdxdnatian is negligible and that the light intensity emitted 

by the atmosphere i s  proportional t o  the auroral icmlzaticm and 

free of' de-excitation effects &e Chamberlain, lm. 
Several other detectors m Injun I11 are used in this 

investigatim of the relations between particle fluxes and 

auroras. chly a brief description of these particle detectors 

is given here because they are described in detail  by O'Brien, 

Iaughlin, and Gurnett / T 9 a  i n  the paper called Past I. The- 

use in the analysis of the spectrum of electrons is described 

by Laughlin, Fri tz ,  and Stilwell or Part 11. The dynamics 

of electron precipitation, which causes auroras, are discussed 

by O'Brien EgW, in Pest 111. Association of particle 

precipitation, auroras, and very low frequency electranagnetic 

radiation is treated in Part V by Gurnett and O'Brien pa. 
There are four detectors of particular interest for this 

note. 

detect electrans with energy Ee 

energy 5 2 500 keV. The satellite Is magnetically oriented, 

Three are directional thin-windowed Geiger tubes that 

40 keV and protons With 

and one Geiger points back up along the gecanagnetic f i e l d  
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320 km. Electrms and protons that caa penetrate the r o i l  

and be detected therefore could have penetrated t o  aurora3 

altitudes of a,round 100 km pravided they were in $he loss cone. 

In general for camtenience t h i s  electran multiplier is r e f d  

t o  a6 a detector of electrons with energy Ee - > 10 keV. In  

fact, it bae a f in i te  efficiency af detecting e l e c t m s  with 

energies down t o  - 5 keV (see part I). Other detectors an the 

payload can be used t o  derive the actual electran energy 

spectrum (eee part 11) . 
The three directione,l Geiger t ~ e s  are used t o  derive a 

pitchmangle distribution far electrons with energlee 

Ee - 3 40 keV, and it is assumed that th i s  pitch-angle distribu- 
c t l o n  is  independent of energy for Ee - 100 keV (see Part XU). 

Other detectors on the satellite are used t o  establish 

that in all auroral events studied by us t o  date, electrons 

rather than protons are the danlnant ccmstituent in radiatim 

af 8 given Bene trabllity. We cannot exclude the possibility 

that there are say, 8s m a ~ y  protons ano2 sec'l wlth energy - 40 BeV as there are electrons ao2 sec" with the same 
EP 
energy, but such prutons are not as penetrating as such electrons. 

Therefore only electron fluxes are discussed beluw. 



hta discussed here came f3-m moonless n-t passes 

satellite was -tic* oriented (see 4pendix 111). 

!me counting rate of the 3914 ;; is  Shawn in Figure 3 

Par a mid-latitude pass over North America. In hlgh-latitude 

of the BuMpFal zone. In mer to display many such results, the 

data in this nate are plotted against a parameter (h) termed the 

"Invariant latitude" fi O'Brien, lw derived sinp>ly fmm 

the L comdintate of M c E w a i n  by the relatian 

The invariant latitude h i s  used here because the psrameter L 

is S a n d  t o  be very u s e m  in intrOaucing order-.into etudles of 

trapped particles BIlwdn, 19g and because it is derived 

frcm a mch hieper mer expression far (and hence, a m a r e  

accurate description of) the gecxuagnetic f i e l d  tban is the usual 

expression of a -tic latitude. Vestine and Sibley 

have discussed extensively the use of invariants of particle 

mutian in  plotting a u r m  zones, ami tb parameter A 

natural extension of their work, repl t4 .n8 their 'two coordimtes 

is a 
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In practice, over North America where the following data 

w e r e  derived, A d i f f e r s  from the gcamagnetic latitude h by 

generally less than two degrees, so the two may be treated as 

essentially the same for most purposes Eee o*~r ien ,  I-. 
0 

Plots of three passee of the 3914 A photameter Over high 

latitudes are sham in m e  4. These were chosen merely to 

Illustrate the variability of the detailed latitude d m e n c e  

of the 3914 A emission, and the mfmner In  which It a3ways 
0 

reaches a maximum sanewhere in the vicinity of the classical 

aurara~. zone at iwariant latitudes asound (67 + 5 ) "  Rrte that 

in Figure 4, the "background" aQnaJ.s have been subtracted fran 

- 

the photaneter counting rates before they were plotted. In each 

case the backgrouxl rates w e r e  lees than ten counts per frame, 

BO that the ccmectiaas had a negligible effect on a l l  of the 

latitude profiles except the very faint edges of the emissioas. 

To provide a sum~nsry of about fif'ty such latitude profiles 

(not all Orp them over the canplete range of lat i tude) a scatter 

d m  I s  sham in Mgure 5 .  The variation in brightness at 

a given latitude in the auroral zone is large, but the scatter 

diagram reveals that there is alwap sane 3914 A auraral emission. 
0 

A e a  scatter diagram af precipitation of electrons With 

Ee - > 4.0 keV ahaws that there is &SO always precipitation in the 

auroral zone (see Figure 16 and associated discussion In Part In). 



For convenience, aad to provide a sunnoar~, the data of 

Figure 5 were uaed to &'cain both a Wian Intensity and an 

avemge intensity latitude praf',le of auroral light. Tiaese a z z  

shown in pigure 6, fagether with the auroral Z Q L ~  fitted by 

V e s t i n e  @2y v i s u  oiwervatians of mroras. 

 he curve ~f Vestine Ew i s  not re- camparale 

with mr curves because it depicts auroral ismhamu, repesentlng 

locat?.ons where auroras can be seen anywhere i~ *&e sky, ==+a= 
than hoaurorals where the auroras are plot-Led if they are over- 

head, or, as with Injun 111, underneath. lWr%hemore, Vestine's 

curve hae been sham &stbe and Sibley, l g q  to be a few 

degrees too far north in the vicinity of mldson's Bay, where 

maqy of the InJun measurements were made. Also, of course, 

the physical slgnlficance of curves such as that of Vest- 

I s  not at  all clear, because they do not refer t o  an 

instantaneous prob&illty of' wing an aurora, bu-k rather t o  

the probability of see- one any t b e  during a n-t. 

studies, such as that of R o a c h  et al, 

t i m e  constants; for example, fifteen minutes OF so. 

Injun 111 observaticas refer to times of the order of a few 

secolads and, therefore, approach very closely the desired c-pt 

of an hstantaneous measurement, 

Figve 5, so tbat a prabsbility of the aurooral emissian being 

abuve a certain threshold (e-g,, the visua3 threshold) cen be 

Other 

refer to shorter 

The 

The raw data are shown in 
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derived by the reader. The data presented here contain the 

add i t i aml  infaa)afiaol (Which is lost I n  any curve m h  as 

Vesthe's) about the intensity of the phenanena. 
e-& 

These prelkbary findings can be sumar ized by stat- 

that during January and February, 1963, over lqorth herica, the 

meximm average intensity and the maximum median intensity of 

aupDFEil 3914 A light occurred on the magnetic shell 

L = (7.8 - + 0.7) or at an invariant latitude A = (69 - + 1)'. 

The latitude profiles were about 5" wide a t  half the peak 

0 

intensity . 
0 

Ikring the nQht of February 28, 1963, the 5577 A 

Northern Hemisphere photceneter operated an camand over College, 

Alaska. Plots  of' i ts  counting rate are shown on a map of the 

satel l i te  traJectory in F-e 7, so as t o  i l lustrate the spatial 

extent of typical latitude surveys. The f i e l d  of view of the 

photmeter is also shown in the figare. In F l g w e  7, no attempt 

has been made t o  subtract a background count- rate,  It can 

then be seen how the caunting rates tend to beccrmre constant on 

each side of the auroral events. 

danlnantly due t o  the airglow emission at 5577 A, as In these 

cat3es the contamination of the 5577 k photcmeter due t o  

This constant level is 
0 

0 

thermionic and x-ray-induced dark current was less than ten 

percent of the airglow s igna l .  

be about 300 rayleighs, which is a reasoaable value Gee 
The airglow was estimated t o  



studies 18 s i n p l y  to  detexnme the relative c&ributian of each 

phenanenon in a given emission, and indeed to ascertain whether 

the two phenanena are actually dFFferent in the sense that they 

hve diff'erent ozlgins & Roach et  al., lm; ami C ~ ~ ,  

lw. 

it is we& (less than - p o  rayleighs). one of the features 

ge&aUy used to  discriminate between aurora and airglow is 

the ratio (R) of the intensity of 5577 i to the intensity of 

3914 A. The 5577 A emission f r a n  atcmic cocygen requ3zes an 

excitaticm energy much less than the 3914 A fran ionized 

molecular nitragen, and the fact that €4 is 

In t h i s  note a si&nal i s  deemed to  be fran airglaw if 

0 0 

0 

10 i n  alrgluu 

but of order unity in aurora is oFten cited as evidence that 

airgluu is excited by ehemicd means while an aurora is excited 

by particle bcPnbardment &e chamberlain, 19g. While the 

interrelation of aurora and alrgluw is not examined in detail 

here, 3914 A and 5 5 v  A intensfties are plotted against one 
0 0 

another in Figure 8, for the two passes shown in Figure 7. The 

mnribers platted are the instantaneous intensities of 5577 A 

and 3914 A minus the baclrgruund s i g n a l  including airglow for 

0 

0 

each, Thus the plotted data are brightnesses of each aurmal 

emission throughat the two auroral events. 
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Tbe plotted points lie abwt a line with a forty-five 

degree slope, io@., a line drawn on the as~umptian that R l e  

constant thoruughout an auroral pass and Prom one pass to 

another. figure 8 pravides an added measure of' confidence in 

the respaase of the 3914 A photcmeter. 
0 



AB t& Notmetere on wun 111 point dawn P to view 

an aurara, other instrumentatloo on the sate l l i te  measums the 

precipitated particles causing the aurora, and also trapped 

particles that axe m i m w i n g  near the satellite altitude. 

Samples of such measurements are shown in Figures 9 end 10. 

The caly purticle data plotted in these figures are those 

obtained by the Geiger cuunters, measuring electrcas vith 

ene~gy 2 40 MI. while the electron multiplier the 

doc. scinti l lator shav elpificant responses at the peak of the 

auroral emissions, their sensitivities are so luw that the 

dynsmic range they cover is only abaut an order of magnitude 

in these events, while the CeigVtr tubes and the photaneters vary 

over two t o  fwr orders of magnitude. 2% response of the 

electron multiplier for such events is discussed in Part XI, 

and we malre use af'that treatment here. 

Copls lder  first the electrcas w i t h  Ee - 40 keV. In 

9 and 10 it can be seen haw the flux of trapped 

4 electrons (with a - 90") is  large (of order 10 t o  

12 particles ano2 sec-' sterad-') a t  miaatitudes, as 

usw (see pls~ts 11 and III). (me flux of these particles 

increases greatly in the general vicinity of the aurora, and 

then decreases by a factor of aaze thousami or so at the high- 

latitude bauadary. 
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The flux af precipitated or "dumped" particles was 

estimated in  Figure 9 *an ,the Geiger tube detectiug particlee 

with a N Po,  and in Pgure 10 f ' ran that detecting particles 

with a .CI Oo, A t  1.0~ latitudes 'or 2 r* L .Y 3 In F%g,x-e 9, 4 4  

particles wi"& a 50" vere ~ c - t u a l l y  trapped at  the satellite 

altitude. 

therefore be considered to  rise fraa law level8 (,j 5 lo3 or 
perhaps 10 particles ano2 seco' sterad-') at mid?-atitudes, 

The flux of' preclpitsted electrons in both passes may 

2 

t o  verylarge fluxes wer the aurora, then to deci-ase at 

-her latitudes i n  mch the same mnnner as do the fluxes of 

electrons With a .C 90°, the so-called '%rasped" particles. 

(We discuss belaw and in Part I11 the extent to whlch they are 

t&Y trap@.) 

In Fibwe 10, the lower-energy electrans (with 

2 10 keV) reached their maxin;um flw within two seconds of 

the time (I&., the tine In the satelLite f rae  of reference) 

vhen both the electrana vith Ee - 31 40 h V  and the auroral lmt 
w e r e  at the i r  xnex3nm Intensity. The electran energy spectrum 

was very much harder in Figure 9 than in Figure 10, and no useful 

detai9ed analysis of electrcms With Ee 2 1d 2seV can be W e  far 

Figure 9 .  In fact, the peak f lux  of electrons with 

Ee 
in F W  9 even though the flux of electrons with 

Ee 2 40 keV wee about ten times amaller. This great diffkrence 

2 10 keV was abmt three times larger in Figure 10 than 
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in fhe electron spectnrm (which may be associated in part v i th  

the diifereaf latitude of 0ccl;lrence) makes detailed c w s m  

aP the events impzactical. 

A fhrther problem in analysis of the interrelat%cm of 

particle fluxes snd aumral light arises because eane of the 

8urarel light is generated by particles that passed many 

cyclotrm radii away f'rcau the satellite, and suc- particle 

fluxes conceivably can be Quite 6iflerait ficm t5e flux 

aaalyzed by the satel l i te  instrumentation. 

XWertheless, we cansider that severel generalizatians 

can be made Avlm analysis of many passes such as those shown in 

Figures g and 10. 

Mrst, auroral 1-t is emitted f'ran those regions where 

intense fluxes of electrons are banbarding the atmosphere. 

man Injun I and EQun 111 observations, these electrons are 

generated at altitudes above - loo0 km. 

Secolld, the energy spectra of' electron fluxes causing auroras 

can vary encmnoudy, both during a satellite pass and fran me 

pass t o  another. (See also part 11,) 

M, the electran fluxes uver an aurara tend t o  be 

isotropic over the upper hemisphere when measured a t  altitudes 

between N 250 ~nn end at least Qo km (see &so 

implies that the flux is probably isatropic when it banbards 

the atmosphere at an altitude ~f - 100 km 

111). p l i s  

also D ~ S  et ril., 

wY* 
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Fourth, the aurora I s  br-te6-t near the high-latitude 

boundary crf "tmpped" particles 

Fifth, the law-latitude edge of an aurora begins in the 

regim where significant precipitation of electrons w i t h  

E, 40 keV is occurring, but there i s  sane Mication that 8 - 
weak portion of the 8urora may persist to higher latitudes than 

does such precipitation. A m  light in such high-latitude 

regions may be excited by low-energy (E, - 10 keV) electrons in 

fluxes too smell to  be measured in  this experime~t. This would 

imply that the electron energy spectrum has a tendency to be 

sof'ter at higher ldAtudes /;;.e also Part  I1 and O'Brien, lw. 



As stated above and by other workers Ea., knwain, 

l@ the emzrgy spectra c& electrcas c a i i  aurcwa8 

during BP event and fran event to event. Relatively little 

event might imply that an electrostatic acceleratica mechanism 

was at work. &e of the featurea of aurms relevant to these 

cmsideratims is the fact that moat auroral arcs  are brightest 

at altitudes ~ l f  arm 100 to uo kiltmeters fi chamberlain, 
lw. ~n ~ i a t e  implicatiaa is that perhaps the electrcms 

generally have at least a few kilmlts af energy, sufficient 

to penetrate to such depths in the atmosphere. Such a caplclusian 

would clearly be important in studies of possible source 

mechanisms. But study of electrans with energy between a few 

eV ard a few b V  is technically d i f f i c u l t ,  and relatively few 

direct measurements have been made. Davis et al. 

showed In rocket f'l-ts that the spectrum did not steepen 

greatly at 1- energies of a few tens of eV, but their 
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passed above the meximum brightness of the two auroras on 

Febn;rary 28 Indicated in F W  7. Tbe satellite was near 

perigee, a t  ab& 250-lrm altitude, at the t ime ,  so that the 

relative inteaelties of 5577 A emltted above ard below 250-km 
0 

altitude can be determined. In these tvo events, the c - t a  

rate of the upward-viewipg phcrtcmeter ahntlped by (4 - + 4)s 

In the first pass and by (0 - + 4)s in the second pass at the 

locaticas 09 the peak brigbtrress. These results are consistent 

w i t h  zero -8,  and they r3zcw that  the intensity at 557'7 A 
a 

light emltted above 250-km altitude was less than about 0.1s 

of that emltted below 250-lrm altitude. This Implies that the 

number flux of 10 eV electrons is no larger than the number 

flux of 10 keV electrons causing the msin auroras. Yet' the 

energy spectra are relatively steep at energies above - 10 t o  

20 keV. 

acceler8tion ItleChanlWP. 

These facts must be explained by any theoretical 



the average energy flux of electrons precipitates into the 

atmosphere at the same lowtian. -r- Qw quotes 

estimtes +at &et 2% the iar?itw collisions result in 

excitatian of I$ to give 3914 A, am3 if we bke 35 eV as the 

average m g y  loss per coufsicm, then the everage energy 

0 

flux of electram precipitated into the atmosphere at h. - eo 
is calculated to be 5 erg ano2 seeo1 for 8 3914 brightness 

with the estimates derived directly f’ran particle me8-s 

alone Gee O’Brien, p ~ d  part I I ~ .  m s e  particle measure- 

ments Pnrn both In$m I and IriJun III foslld an ayerage 

precipitated flux CXP electrms w i t h  Ee 2 40 k e V  t o  be - 4 x 16 particles cmo2 secol in the a~raral %me, 

the associated flux 09 electrons with energy Ee* 1 k e V  is 

about 4 ergs ano2 sec 

that 

-1 . These ambers should be coPlsidered 

as accurete to  a fact- a9 about tbree. 

These results shw that the average energy required to 

sustain auroras and high-latitude .particle precipitation arcmxd 

the world is of order d8 ergs/sec. ~y cmpriaan, u ewerege 
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energy brought t o  the f'ront of' the rnsgz~t0sphez-e by the solar 

wind is of d e r  lo2' ergs/sec. 

Only ane previous experiment has measured the efficiency 

of excitation of auroral light directly. Mcllwain 

faund that the energy flux emitted as visible light was about 

0.2s of the t o t a l  energy deposited by electrans. Ple excitation 

eff'iciency is not discussed in detail  here beause the calibra- 

tions of the satel l i te  in&mments are still being refined and 

because the particle detectors and the optical detectors 

sample fluxes over very different dimensicxu (or order 100 meters 

for the particles and 40 km for the l ight)  . However, aur 

preliminary values for the excitation of l ight  indicate an 

excitation efficiency more nearly me percent than one tenth 

of one percent. 'Ilheoretical estimates predict an efficiency 

~f order one percent &e chamberlain, l g g .  These results 

are only preliminery and Avther studies are being made. 

It I s  usef'ul t o  note here that about ten percent of the 

electrcms with Ee - > 4 0  keV being precipitated are back- 

scattered by the atmosphere (see part 111). 

able t o  travel t o  the apposite hemisphere without signiffcant 

perturbaticm by the acceleration mechanism that generated 

them in the first place, they will produce ionization and 

aurora near the conjugate point. This effect may be negligible 

If acceleratian nechanislpscause primary precipitation in 

If these are 
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It has been apparent for sane y e a r s  that dynamic mechnnisms 

must accelerate electrons in the magnetosphere so that . 

precipitation ensues t o  cause an aurura. The concept of the 

"leaky bucket", wherein trapped electrcc3s have their 

trajectaries placed in the loss cone without their be- 

energized, i s  inconsistent w i t h  many observations (see discussicu 

in Part 111). We examine briefly here w h a t  the interrelatim 
t 

of auroras end V a n  Allen electrans may be, although any such 

discussion is essentially in the ha&-waving stege because 

detailed theoretical models do not exist t o  be tested. !L!he 

dynamics of particle precipitation and the acceleration mchanigms 

are discussed in part 111. 

wan -re 5 and tram many previous studies L-erlain, 

l g g  it is seen that auroras occur not only in tb usual 

auroral zone aruund 

The low-latitude auroras occur during large magnetic storms. 

.c, e', but also a t  much luwer latitudes. 

Similarly, the high-latitude boundary of trapping of Van Allen 

electrons occurs ccmmonly in the auroral zone, but during 

large maggetic storms it moves t o  lower latitudes. Fbrther- 

more, both the aurora and the baundary of trapping show similar 

diurnal. variations in their movement in latitude, occurriag 

8me 5" closer t o  the equatar aruund midnight than during the 



day. 

statistical basis. 

So both p- shar S h d l a r  spatial behavZar a8 

mgures g and 10 shcrw that the SlmLm?ity exists also in 

Individual events, where lpiaue 9 applies to a lm-latitude 

aurare. The study with -1- OII ia 1959 /iilBrlen et al., 

1- 

A - 56", which is R very law-latitude event. p m t a r y  

magnetic disturbance =ex at that t h e  was 

R similar effect, in that case at L .c 3.1 ar 

n 5 = O* 

Fkan Mgures 9 and 10 and f'ran the discussion Og Part III, 

it is apparent that not only is the flux of precipitated 

electroae lare o ~ e r  an aurora, but so is the flux af electmns 

moving at  right angles to 'B3 at the satellite altitude 

between * 250 .I 60 kilcmeters. It is generally c-idered 

that if a particle mirrm~ at such altitudes then it is trapped 

a d  hence, by definition, a valid coastituent of the Van Allen 

radiation. But it i s  not at a l l  evident that It will 

necessar33y buunce all tbe way to the opposite hemisphere, 

mirror there and return again, p a s e a  unperturbed thrcugh 

the regions where particles are be- accelerated. 

It was shown in part 111 that electrons with energy 

Ee - 1 MeV caald still  be trapped and essentially be unperturbed 

m the field lines which were wid- centers far precipitated 

electrons with Ee - 50 keV. This could be proven only for those 

magmtic shells on whlch 1 MeV electrons w e r e  fauad in large 



intensities, i.e., arcxlnd L - 3 t o  4. 

might hold elso in small. precipitatim events at higber values 

of L (see part 111) but it could not be proven there. rJaw the 

fact that the flux of electroars With Ee - 3 40 keV tends t o  

approach isotropy over the upper hemisphere during intense 

precipitation suggests that electraas with pitch angles 

a - 0' and a - 9" are subject t o  similar influences in their 

la-bitudinal travels through the megnetosphere. 

electrons with a - 0' ere lost  in the ahosphere bmnediately. 

So it appears unlikely that the particles with local a c* 9" 

cuuld remain unperturbed and baance t o  and fro in latitude m a n y  

times while their flux was being continually aupented as more 

electrons were precipitated and more were accelerated t o  

a - 90". What we are suggesting is that electrons with 

energy Ee - 50 keV can be trapped with u ID 90" on EL f i e l d  

line before, aUring, and af'ter precipitation, but different 

individual electrons are involved in the three cases. 

It was sugsested that it 

But most of' the 

This discussion m i g h t  be clarified if we chose t o  adopt 

a model for the acceleration mechanism. For example, it could 

be assumed that an electric f ie ld  UP sme tens of kilovolts 

might be temporarily established at high a l t i tudes  parallel to 

the @-tic f ie ld  9. 
wcnild suggest since it I s  impossible t o  maintain such an 

electric f i e ld  that It amnot exlst, we would suggest that the 

Then, as a rebuttal t o  those who 
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very short-circuiting of such an electric field I s  the 

precipitation phenametKm we study. Then we might set up a 

trarrsport equation with variable m w s  such as the 

locaticm end magnitude of the electric field, the tempoartl 

behavior of its grcrvth, endurence, an3 decay, the initial 

pitch-e distribution and energy spectrum (in- thermal 

electrcmsj. As a result, we e t  obtain the final electroa 

pilzh-angle d i s t r i t u t i t n  & emgy spectrim es Psiet%sm at 

the,  and caupare them w i t h  Injun 111 data, Clearly there are 

so variable parameters and so &able a model that ueef'ul 

testing cannat be carried out here. 

It has been suggested E*., O'Brien, lw th r t t  In the 

auraral regions the prima;l.y acceleration mechanisms which 

cause precipitatiar also give a finite increase in the flux of 

trapped particles. l b i s  speculation is  discussed extensively 

in I f f ,  and it is sham t o  be cmsistent with the observa~ 

tiom d e .   his leads t o  the implication (see part 111) that, 

instead of pr imary Van Allen electrcnrs being the cause of 

auroras, sune Van Allen arter-zoac! electrons are caused by the 

(unknown) mechanisms that cause auroras. 

It is apparent that few satisfactory conclusions can be 

drawn at present about tfme exact interrelations of a u r m s  and 

Van Allen radiation. It is clear that the second is not the 

jma&i&e cause of the first. It is also clear that the Van Allen 
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zone is bounded apprcprhakly by the same gegsagnetic field 

lines that pass tima@ the aurora. Further significant 

understanding of the relations w i l l  follow only when more 

extensive experimental infarmatian i s  available abaut the 

particle dynamics, iracluding the dynemics of thewal electrons 

and protons, at high altitudes near the boundary. 
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Many amoras are caueed by electropls precipitated iron 

altitudes above several hundred kilaneters. R e s u l t s  fran 

Injun I Imply tbat  the source lies at an altitude above 

1000 1031 Elgrien, I=. 

the mor part of the aurara defines the outer (or hlgh-latitude) 

bcrundary OT durable trapping cif e l e c t z  a<tb E - > kU keV, 

and although electrans of these energies can be trapped 

(perhaps for many brxlnces) beyond t h i s  bar;mdary, they w i l l  be 

significantly perturbed and sane mey be lost  when a 

preclpltation event occurs In  the same region. M o s t  of the 

auroral excltatim, however, is judged to be caused by 

f'reshly-energized electrons which were accelerated down the 

magnetic field lines. The acceleration mecbLI13IssII is unknum. 

A t  altitudes f rau  250 km t o  abuut 600 Irm above an aurora during 

intense pmxipitatian, the pltcbangle distribution of electrons 

With Ee - > 40 keV tends t o  approach Isotropy over the upper 

hemisphere, and abaut 10s are backscattered after being 

precipitated. It is nat known whether the energy spectrum is 

a Functicra of pitch-angle, but the evldence suggests that the 

electrons cans- an aurarabcmbard the atmosphere as an 

isotropic flux Over the upper Mephere. 

inner (OPT Lou-latitude) edge e 



me average maxirmrm intensity ~f 3914 i emission ip tbe 
auroral zone over M her ica  was about (2 -1.6 )=araYlewe 

In the first two months of 1963. There was always sane 

emission, m e n  subvisual, in eurural regions Just as there 

is sways a finite flux of precipitated electrons (see 

111). Both from optical and particle studies, it is estimated 

that the average flux of particles precipitated in the auroral 

zone i s  about 3 t o  5 ergs emo2 see”. 

occasic~lally is as large as 2000 ergs ano2 seeo1 @nwain, 

lgfjo; and O’Bien, 

The instantaneous flux 

The latitude profile of the $ 3914 emission displayed 

a mexirmrm intensity a t  an average invariant latitude - (69 ,+ 1)” or on the magnetic shell L = (7.8 - + 0.7). 

There I s  clearly a need for f’urther rocket and satellite 

measurements t o  investigate the nature of the w t o s p h e r i c  

baundary and the boundary of trapping, and for theoretical 

treatment of acceleration mechanisms and the process of energy 

transfer f’raan the solar wind. 
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Description of the Photuneters 

Ihe tbree photameters on Iauu 111 are of s b i l a r  

mechanical and electronic design, Each is a self-contained 

assembly, requiring m l y  a puuer input fran the naninal 24-volt 

satellite battery and the nanlnal 6-valt satel l i te  battery. 

U c h  provldes a pulsed or d Q i t a l  output t o  the appropriate 

accumulator (see Part I). The optical system was discussed 

In the text. Each photometer weighs about one poupd tLnd uses 

about 200 milliwatts of parer when the satellite is cumm&ed an, 

A photaueter is operated a t  about 2500 volts negative 

potential, with the anode grounded. 

generated fran a 24-volt D.C. supply direct f'ran the satellite 

battery by us- a D.C.-A.C. converter, a saturating-core 

transformer, and a Cockcrof%-Walton array. Hlgh-valtsge is 

reguLated by a corona tube, and the variation is less than 

- + 14 over a temperature FSnge of -30" t o  4 5 '  c a a 

battery isput voltage range of 20 t o  26 volts. These ranges 

are about twice those encamtered in fllght,.ard so no 

correction has been made specifically for voltage or 

temperature effects on the high-voltage supply. In practice, 

throu@out this study of auroral phentmena, the steady-state 

low- and high-latitude signals have been subtracted (see text 

and A m i x  111). 

Ihe hlgh-voltage is 
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sirrce the phutanetera are awY3yEi switched Q1 when the 

payload is caltmln3ed to aperate, they very often view fbe sunlit 

earth or clauas,- which have a brS@tness very much 

a br- marcmi. lfro sapeeuards t o  avoid dampee tothe tubes and 

subsequent increased dark current were taken. First, the dynode 

so that when the current 

than 

resistors were chosen to be 33 Megdnns, 

through tbe final steges of a phototube approaches the 5 mi- 

emperes available in the w e 1  resi~ti~rrs, it wili Ad to 

short aut the resi8t-J decrease the vdltage across it, and hence 

decrease the @n of the phototube. l h i s  wuuld be 09 relatively 

little use except that a s e c a d  step in the design was t o  limit 

the t o t a l  current available fKm the parer supply t o  ab& 

20 mi-s. 

AS a ~op8e~uepce ,  the 8ipnn.l cufieat Fram the phutauultlplier 

is not praportioaal to the intensity of incident light. However ,  

the characteristics of the phutaneters c a l d  be matched to the 

phenonena be- Studied, 80 that tfaey WeFe UeaX' far W W  

weak ma~g, but =-line= far intense m~ and, 

of course, the sunlit eerth. 

The signal curzent of each phutaneter is fed to  a 

50 pfif capacitor which charges up to a voltage slrfficiently 

high t o  trigger a neon glow tube. The analogue slgnal  is then 

converted to a d i g i t a l  ser ies  of pulses, which are amplified 

Bnd shaped before being fed to the twelve-bit accumulators 



each photaneter has in each telemetry system. The counting rate 

is proportional to the signal current. 
0 

cenerally the two 5577 A photcmeters are saqpled four times 
0 

a second, arrd the 3914 A photaneter once every two seconds, 

2%e 5577 A emissions arise f’rm a parent mtaetable sta te  with 

a lifetime of about 0.75 seconds L m r l a i n ,  l g q  and in 

0 

general this temparal resolution is  m a r e  than suf‘ficient. 

All the techniques of photaneter design were proven 

satisfactory by the eighteen months’ f l ight  test of the Itzjun I 

phutuneter. 
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photaneter callbrations 
I 

FTen?tght calibratians wem perfcmned in the usual two= 

stage process of first, finding the variation of camting rate 

as a Aznctian of intensity on an arbitrary intensity scale and 

second, deteminh& the counting rak far lmawn absolute 

intensities. ?he &solute intensities discussed in -6 Jot2 

are expressed in units of the rayleigh b t e n ,  Roacb, ard 

Qmniberlain, l ~ y  corresp~ading for p r a c t i d  purposes to a 

f lux of 10 phot- ano2 sec-l. 6 

The vaslation of count- rate with intensity was 

derived uver a raage of intensities of more then ane mil l ion 

by placing neutral-density filters between each photaneter 

and a steady source of light. Tbe points obtalned were 

reproducible wlthia - + 2oqb. The results were checked with a 

point source uf llght located at vasied distances frcm the 

phatcmeter, BO tbat an inverse square law could be applied. 

T?E methods gave camistent results within the above limits, 

The shape of the curves is raughly the same far each of the 

three phatcrmeters. The respwse is nearly linear up to a 

sharp breaking point (between 400 and 800 counts per second 

depending on the unit), above which the counting rate changed 

less rapidly with the same praportiaal  change in intensity. 
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telemetered t o  the and priatea by the carrputer. With a 

standard light s m e  causing such 8 rate in ground checkcut, 

the printed number would vary by only one or two in several 

hundreds ar thousands, and by zero or one in several tens of' 

calnt s . 
The absolute calibrations were determined before launch 

by means of' a radioactive standard lwt sate fran U, S. Radium 

Corporation. When recalibrated in A p r i l ,  1963, this had a 

brightnese of' about 300 raylelghs per Angstran (R/A) In the 
0 

0 

region of 5600 A. Cross calibrations with a source of' the 

Rational Bureau of staadards (NBS) l a te  in 1962 agreed with 

those above t o  wlthln 10s. However a recent recalibraziao 

of the NBS source indicated that original values were t w  large 

by a factor of 5/3 &. Smith, private camrmnicatig. !I'hus the 

intensities quoted may be too large by this factor. 

calibratims as y e t  cannot resolve th i s  discrepancy. 

In-flight 

The methd of absolute calibration preflight was t o  

mount the U. S. &idium corporatian source on B spare optical 

system, canplete w i t h  a 5577 A filter. A 4s transmission 

neutral density f i l t e r  was added t o  reduce the light level t o  

the linear range of the pacrtaneters. 

e 

This system was substituted 
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for the optical system ot each phataneter in turn, and the 

phutopzeter rates were reed aut tibrou@ the canplete telemetry, 

receiving, decodirrg, 

as w e l l  as d i r e c t l y  fiam the phcrtopreters alone. Then to ob- 

absolute calibratlar of the 5577 A paotOareters a sl!nple mmll 

correction was made for the difference between the t-ssion 

characteristics ob the filters. Far the 3914 A phatcmeter 821 

additional camecticm was made, us- the ~narmfmem'a 

calibratim of the photanultipUer response as a Amctlcm of 

uavelex@A. 

ccmprfer system in the umaa3 ways, 

0 

0 

W& can ame the preflight relative intensity calibwtians to 

calculate a *%rue'' carmtiag rate even when the photaneter is  

operating in the nop-linear re@ca. !Dms the true 8nd apperent 

rates are appraprlmately the same far rates less than same 

400 counts per second. Then the preflight absolute calibrations 

showed that the nupnber of rayleigbs of the appropriate spectral 

ennission required to give a true counting rate of 1 cant  per 

second were 40 rayleighs atid 4 rayleighs for the 

Hemisphere 5577 A and 3914 A photaneters, respectively. 

the 3914 A phutaneter was ten times m a r e  sensitive than the 

5577 i, if it was assumed that the 

3914 A. In fact it is, of cuurse, a baal whose head is at 

3914 i, and so the sensitivify of the 3914 phutuneter to 

0 0 

Thus 
0 

emission was a line at 
0 

the edSSioP1 be1Sanewhat h S S  than th@ ab- I d l i e  

(see mgure. 1 far the filter spectral p3s-). 
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Verifloatlon that preflighf calibrations ere applicable 

t o  infughf operation early ia 1963, has nut yet 

Doubt that *y can be is raised by data such as 

where the ccamting rate of the 5577 A photmeter 

\ 

0 

0 

been completed. 

in Eigure 8, 

-8 

roughly twice that at the 3914 A photaneter. Fran the above 

prefll&t callbratioas, t h i s  WQUld tmply that  the intensity of 

the 5577 i emissiotl was twenty times that of the "lbe" at 

3914 i, or say, ten thes  that of the $ band w i t h  Its head at 

3914 A. Ground-based studies Indicate that although this may 

be &art; the m t i o  faurd in sir@ow, the ratio in  auroras l a  

closer t o  me or two &e Chamberlain, 196l; Hunter, 1955; 

-tee, I-. 

discrepancy between the two photaneters of a factor of five, 

l e e e ,  the 3914 A photaneter seems t o  be five times less  

sensitive (or the 5577 A photaneter more sensitive) in flight 

than the pref-ht calibrations would indicate. In practice 

a phcrtameter may suffer a loss in sensitivity by a factor of 

about five if It loses one stage of multiplicatiapl (as did a 

spere unit for the In;)- I @&<meter d u r w  vibration tests), 

but it is unlikely that a phutameter would increase Its 

sensit ivity by a simila;r factor. 

0 

we choose the factor ~f two, then we have a 

0 

e 

Werefore, it appears that the most Ukely calibrations 

far the Northern Hemiephere phutaneters should be taken t o  be: 
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0 

1 true count per 40 raylelglm ai? 5577 A line. 

1 true camt per 20 rayleigha of 3914 band. 

Clearly these calibrations are less than satfsfactory, 

rtod they are be- re- w i t h  later law-altitude dark passes 

measuriDg the moon, starlight, and 5577 A. The uncertainties 

ere greatest with the 3914 A phatcmeter, and for caanreaience 

0 

0 

we s-ze below its sensitivity calculated *am VariOuB 

1 carmt/sec far 4 R fran preflight treating 

1 camt/sec for 8 R A.am preflight treating 

1 caurt/sec far 40 R Arm inflight if 

0 

3914 A as a llne. 

3914 band. 0 

= 2:l. 
1 (3914 A) 

2 KR. l h i s  value is in  agzwment with that predicted f'ran the 

average precipitated particle flux, but the latter i e  an average 

af such greatly variable fluxes that it should not be considered 

as accurate to better than a factor o f  about three (see text), 

It i s  interestlng to  nute that this same subject af the 
Q 0 

ra t io  of intensities of 5577 A to 3914 A in moras has lmg 

been a problem in gmmd-based Ioleasurements Gee discussion by 

Bates, I-. ~frus stme mported sues of w ratio have been 
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of ten. The rat io  then c-s out to be near unity. It is 

reported that the ratio I s  ten or m a r e  in  air@= Eee dis- 

cusslosr by Chmiberw and the difference Arm unity is talten 

t o  be an impmtaqt Indication of the different origin of 

auroras and airgldv. ~e agree W I ~  ~oach grivate c a m m i c a t i g  
! 

that measurement of the ra t io  accurately in a u r m s  and airgluu 

is extremely Important. 

In summy, the only mesa we have far daubting the 

validity of' the preflQht calibrations I s  that they would 

imply that 5577 A is sune ten times m a r e  intense than 3914 A 
0 0 

in auroras,  and th i s  ra t io  is apparently inconsistent with 

previous measurements L-erlain, 1961; Bates, I-. 

Prelimbary calibrations in flight using starlight E e e  Roach, 

lsy and the full moon iadicate that the preflight calibrations 

were accurate and that the sensitivity inf1Qht was the same 

as it was preflight. ' 
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AppwDzx ID: 

Ccmtemlnatica of the Phutanetric studies 

Cawnd-based auroral and abglcw studies can.be C ~ L -  

taminated by scattered sunll&t, moaalight, ar man-made lsght, 

aad by starught or other extraterrestrial ligbt, and can be 

obsculEcd by clouds. 

Satellite-baeed studies cannot be obscured by clcruds, of 

course ( a l w h  as InJun I showed aaather satellite can be even 

mare opasue). Huwever, they CBP be can-- in many ways, 

which we llst as fouoKs: 

1. By sudlight scattering afY the atmosphere ar portions 

of t he  satellite; 
I 

I 2. By similar moonlight effects; 

~ 3.  By ref lecbiooz  fran the earth; 
I 

5. By man-made l i g h t s ;  

6 ,  
I 

By x-ray bcmbardment of the photaueters praducirtg 

enhanced "dark" current; and 

By heating of the phutcmeters producing enhanced : . 
I .  7- 

dark current. 

We elinhated frcnn the folluulng studies the first effect 

at 3-t Illa bel- the by ccmsidering data only whem t h e  srm 
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harizaa of the subeatellite poiat and when the satel l i te  I tse l f  

was in the shadow af the earth. 

We mlnimlzed the 8eCcad effect by considering data 

generally f'rcm periods when the moon  was less than amquarter 

full .  

The earth ze2lects sane 50+# cxP light incident on it if 

It I s  snow or cloud covered, thus the reflection of auroral l lght  

may lacrease the Intensity observed by the phatm.eters by almost 

50s. Variations in the reflectivity can then cause dlstortlans 

of' the intensity profile of the aurora. Reflected starlight is 

negligible since the starlight i tsel f  I s  negligible. 

The resolutlcm of the telemetry and cancentratian on 

Arctic passes are sufficient to exclude significant contamination 

by lightning. 

We excluded the f i f t h  effect by considering for low-. 

Mensi ty  studies, only data acquired Over regions of low- 

papulation density, such as the Hudson Bay. In  any event, 

man-made lights produced a dlstiactive smal l  and brief' effect, 

which could be proven t o  be man-made by simply referrbg t o  the 

epheineris and check- whzther a ci ty  was a t  the base of the 

magnetic field lke along which the satellite was pointed. 

This served a useful purpose also in checking the accuracy of 

the N.A.S.A. orbit, since the locations of such c i t ies  as New 

Yak are knaJn accurately. Figure 3 h c w a  a typical  example of 



the detectian of Mew York in a northbound pass which then took 

the satellite over Boston. St i s  clear fran t h i s  f m  that 

the l i g h t 6  Of EkStOn aSe less %RtellSe thsn those af I?ew Ymk 

at 2 a.m., as one would expect. 

This figure I s  also a typical example of the sixth 

ef'fect, the w e d  "dark" current of a photaneter due t o  its 

previms bambardment by x-rays or electrons, a& the gradual. 

recovery of the "dark" current t o  nQzmal. In anticipation af 

this effect, we endeavored t o  minimize it by encasing the 

photaprultipllers in lead 0.010 inches thick. We then experi- 

mentally detenained the quantitative effects of x-ray bmbaxdment 

by subjecting the flight-unit photaneters t o  x-ray beams of 

varyi~g intensities over energies var~ed from 40 ICM to 

250 keV. For -le, a flux of order 12 ano2 sec" of 

100 k e V  electrons is needed t o  give a phuhneter signal of' 

the same magnitude as that given by 5577 A alrglw. Frcm 
0 

s imi la r  calibrations of particle detectors on the satellite, 

one can conceivably e s t a t e  the actual effect of a given 

exposure in flight 

The great e l z p t i c i t y  of the orbit has increased the x-ray 

However, in practice we have not dolne this. 

exposure t o  such a level an occasims that, even minutes 

later (as in Figure 3) the dark current has not reccJvered to 



In practice we determine f r a n  the upward-pointing 

photcmter(s) In each case whether there is any such x-ray 

effect, and dg nut use data at such times. 

which the satel l i te  most recently passed t h rmgh  the a r t i f ic ia l  

belt I s  Imam in each case, as is the elapsed time since it 

made such a passwe, and so by choosing paares when the former 

number i s  s m a l l  and the latter large, one can study lar- 

intensity phenanena . 

The altitude a t  

The seventh effect is minlm.ized by our thennal control of 

the satelUte @'Brien e t  al., 1 9 q  which kept the tmperature 

of the photmeters between about 4" C and 28" C, In addition, 

since photanetric aata were obtained when the satellite itself 

was in the earth'8 shadow and hence cold, the dark currents 

were low at times of interest. ELurthennore, the temperature 

of' one of the photaneters i s  measured every four seconds in 

System A, and one can then qyantitatively estimate the dark 

current. 

The m a j a r  contaminatIan of our data, and the least 

tmenable t o  quantitative estjmation, has been the long-duration 

effects af x-ray hcenbardment In the artificial radiation belt. 

In this note we consider only auroras, rather than the weaker 

airglow, and since the electron f luxes causing these auroras 

are relatively soft, they do not themselves produce any 



-ta,uecrus much less any lcug-lived edxuxxmt aP the photo- 

meter slgxmls thruugh d irec t  baubtdment of the phatanoters. 

This can be sham quuttitstively in every case by studying the 

ugWasd-1- p h a t a n e t e r r  F a  e text for diSCUSSim 

of two passes where the m e  in signal f'ran the uprard point- 

3ng detector was less than O.l$ aP that of the others. 

m m e ,  the auraras are relatively bright a& they produce a 

photuneter s i g n a l  collpared with t&e 6k-Is c m t ,  W 

quantitative study here, the platieau dark current both ai 

the low-latitude side and cm tlze high-latitude side af each 

auroral event is subtracted f'run the s m  in the aumral 

event. Thus, no% only dark current but also airgluw ef'fects 

are subtracted, leaving essentiaUy the pure auroral effect. 

l h i s  technique is discussed am3 illustrated for particular 

events in the text (e.g., see + 3 ) .  

Ftmther- 

Ime photaneters recover to  dsrk current xithin less than 

a seccmd after view@ a bright aurora. They fake tens of 

m i m r t e s  to make a s lmi lRr  recovery If they were switched on 

end vim the sunlit earth. In all t h i s  study, aIly such 

effects have been eliminated by subtraction of the "back- 

ground" s-, as discussed &me. 
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Mgure 1. Spectral resolution of the three multilayer inter- 

ference filters for light at IK311pBL incidence. 

Detectors 16 and 17 point dawn and detector 18 points up 

in the Northern Hemisphere. 

Mgure 2. Angular field of view of a typical Injun 111 photo- 

meter. A l l  photometers have similar optical systems. 

Ncrte the logarithmic scale of the relative response. 
0 

FQwe 3. Counting rate of the 3914 A photaneter in an 

oriented nort&aund pass Over North America. ‘phis shm 

the recmry of the dark current after intense x-ray 

and electron banbardrent in the Starfish ar t i f ic ia l  

radiation belt, a mall.  increase at 06.39 U.T. as the 

-tic dip is such that the photmeter views the 

harizcm, and then the respanse t o  lwts fran two 

cit ies.  The light f’ran New Yak can be estimated 

fran the dotted m i n u s  the dashed line. Ebch dot is a 

measured point. 
0 

Figure 4. Three sample latitude profiles of 3914 A light. 

The plotted rates are those dbtained aPter an 

interpolated background has been subtracted (see 

l%”e 3) The intensity correspoolding t o  50 counts 

Appendix 11). 



faur seccmds at helf-integral oalues of L ia ab& 

s3gnal hasbeen sub-ted (see text). zbe vertical 

observaticns is platted here as if ge-tic 

latitude and invaFisnt latitude are the s m ~ ,  
0 

Mgure 7. Sbtches of two sur- mapped ur t  by the 5577 A 

photaneter io two successive passes over Ibrth Anaerica. 

Bbte the size of the area viewed by the photcmeter, and 
0 

also the CQlStanf intensity cxp 5577 A airglow observed 

an the law- and high-latitude partiqag of the passes 

away *an the auroras. The intensity correspanding 

t o  about 50 camts per frame i s  abaut 8 bilarayleighs. 

V i s u a l  threshold I s  ab& 6 counts per f'rame. 
0 0 

ZYgure 8, Relative counting mtes 09 5577 A and 3914 A 

photaneters plotted far each interval of two eecoolds 



rate (due to  airglow plU6 dark current) was subtrscted 

before the poiat8 were plotted. The liae ha8 a slope 
0 

aF 45", and ccplrespaphds t o  the brlgbtnese of 5577 A 

in reyleighs being twice that of 3914 

Appendix IT. 
L- 

90  8 DOFthbcntnd pas8 Of In Over 

North America, which &KWS simultaneous detectlan 09 an 

rwrars, of the precipitated electrons (with OL = 50")  

p w t l a l l y  responsible far causing It, and Of trapped 

electrons. IJBte the approach to Isotropy of the 

particle flux over the aurora. 100 attempt has been made 

t o  subtract fhe low-latitude copltamixiation of the 

photaneter eigna3, PBpt of which was the detection of 

CkveAand, Ohio and its surroundhgs. Not a l l  the 

detailed rapid variations of particle fluxes m shown. 

The preliminary intensity scale of t he  photuneter is 

that derived f r a n  a sensitivity of 4 R per caunt/sec, 

and it I s  likely t o  be l a w  Gee Appendix 17. 

pigure 10, W a r  t o  that of Mgure 9, except that the f lux of' 

electrons w i t h  pitch-wgle a - 0' is plotted in place 

of the flux w i t h  a - 50°, asd that a correction t o  the 

phcrtcnrreter signal has been made far b a c k g r d .  
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